Abstract. In the last decade the renewable energy facilities have become very important for generating electricity in Europe. Estimating the production efficiency of renewable energy industry is thus a major concern of governments. This paper implements Data Envelopment Analysis (DEA) to measure efficiency in the generation of electricity from renewable sources during 2002-2011 in 31 European countries. As input congestion may introduce bias in the efficiency analysis, an improved DEA model is used to correct and avoid efficiency underestimation.
Introduction
In Europe, the industry of the electricity generation has experienced profound changes since the beginning of the 2000s. The slowdown of energy demand, the need for climate change mitigation, the search for greater efficiency, security and affordability of energy provision, and the decrease of costs thanks to technological innovation have put pressure on the industry to change the mix of energy sources. In this new landscape, renewable energy sources have largely contributed to this change. Indeed, renewable energy sources have a higher mitigation potential of greenhouse gas emissions and lower health and environment impact than fossil fuel sources [1] . Furthermore, as they allow reducing fossil fuel imports and stimulating the creation of jobs, skills and technological innovation, renewable energy sources contribute to economic and social growth, too. In Europe, contribution to fossil fuel import savings was about €16 billion in 2015, while forecasts predict that savings will be €58 billion in 2030 [2] . According to statistics released by EUROSTAT, between 2004 and 2014 the relative weight of renewable energy sources in the generation of electricity in the EU-28 countries grew from 13.5% to 24.9% [3] . In 2014, the EU-28 countries had the largest solar-PV and wind power capacity in the world.
Contrarily to investment to increase electricity generation through conventional sources, investment leveraging on the utilization of renewable energy sources requires considerable amount of money per energy generated to build plants, but low operating expenditures. Thus, investment decisions to add new electric power capacity from renewable sources should take into account a number of factors, such as investment risk, cost of capital, future demand, technological innovation trends. National governments have an important role to promote investment by designing policy and industry regulation mechanisms. In particular, policymakers need to address the choice of the renewable sources to invest on in order to meet longer terms objectives and achieve the higher efficiency in the generation of electricity. Thus, an important issue in the energy policy is to understand what renewable sources contribute more efficiently to the aggregate production of electricity in a country. This paper adopts Data Envelopment Analysis (DEA) to measure efficiency in the generation of electricity from major renewable sources from 2002 to 2011 in 31 European countries. As input congestion may introduce bias in the efficiency analysis, an improved DEA model is used to measure it to correct and avoid efficiency underestimation.
The rest of the paper unfolds as follows. Section 2 illustrates the method implemented to calculate efficiency and evaluate the influence of congestion. Section 3 provides information relative to dataset and variables used. Section 4 and section 5 respectively present major results and conclusion.
Method
DEA is a well known non-parametric technique utilized to conduct benchmarking analyses and investigate how to improve performance, specifically efficiency. DEA has been applied in a wide range of industries and contexts, i.e. drinking water management, banking, transportation, healthcare, manufacturing, automotive, energy, education, high-performance computing urban management, etc. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . In the DEA approach a benchmarking frontier is generated as a set of linear combinations of inputs and outputs of a number of units to be evaluated denominated DMUs. The relative efficiency of DMUs is calculated by running the same number of linear programming models, one for each DMU [15] . A DMU k lying on the envelopment frontier is 100% efficient, and it is unable to increase one of the outputs without increasing at least one input or decreasing at least one of the other outputs. Vice versa, if DMU k is placed under the frontier it is considered inefficient.
In this study, each country Ck is a DMU k in the dataset that is associated to a production function which converts X=(x ij ) mn inputs (i.e., maximum power generation capability of power plants using a certain renewable source in the country) into Y=(x ij ) sn outputs (i.e., electricity generated by all power plants in the country using the same renewable source). Technical efficiency (TE) of DMU k denotes its ability to produce the maximum amount of outputs by consuming the same amount of inputs or to produce a given amount of outputs with the minimum consumption of inputs, independently of any input and output price set.
Assuming costant returns to scale (CRS), the linear programing model to compute technical efficiency in an input-orientation is as follows
where θ=DF i (x k ,y k ) is the radial input efficiency measure of DMU k, and z is an intensity variable. The CRS assumption can be easily changed to variable returns to scale (VRS) by adding the constraint Iz=1, where I is a n1 unity vector.
Usually increases in inputs cause increases in outputs. Conventional DEA provides a measure of efficiency that is based on the assumption of strong (or freely) disposability (SD) of inputs. Inputs are strongly disposable if an input increase does not decrease outputs. Under this assumption, all energy power capacity inputs are radially decreased when an inefficient country is projected onto the efficient envelopment frontier.
However, there are situations where increasing one or more inputs may reduce one or more outputs. In such situations there is congestion in inputs or production process and increasing one or some inputs to produce more outputs is undesirable [16] . Weak disposability (WD) is the term used to refer to such situation.
In order to investigate if there is congestion in the production process, Färe and Grosskopf [17] suggest to assume both strong and weak input disposability at the same time. Technical efficiency TE can be decomposed into the product of three components as follows TE
where TE 
Data, variables and model specification
The dataset includes 31 European countries. Data relative to both the installed power capacity and electricity generation from renewable sources between 2002 and 2011 were retrieved from the European Commission statistical database. The production function model specification includes 4 inputs and 1 output. Particularly, the following inputs were used: the total installed capacity of the country relative to energy generation from hydro, wind, solar-PV and waste sources. Other forms of renewable sources have been excluded because of their scarce diffusion across sample countries. The total yearly electricity generated from the renewable sources considered in the study was used as the unique output. Measurement units are in Mw.
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10016 (2017) 16 economy. However, the trend of the SE curve suggests that the improvement of the scale size operations had a not negligible weight in the increasing of efficiency scores. Indeed, the steady increase of the SE measurements indicates that values of both TE(CRS,SD) and TE(VRS,SD), on average, get closer and closer together over the years (as SE is closer to 1). Finally, the curve trend related to CN emphasizes that the effect of input congestion compensate for the efficiency improvement determined by scale economies, particularly from 2006 to 2009. 
Conclusion
This paper has illustrated the results of benchmarking study which has measured the production efficiency relative to the generation of electricity from renewable sources in 31 European countries between 2002 and 2011. The study has implemented Data Envelopment Analysis to compute efficiency. Additionally, the effect on efficiency of both input congestion and scale economies have been evaluated. Results indicate that countries largely differ with respect to their achieved efficiency. The behavior of technical efficiency measurements over years was generally very unsteady. Finally, to a large extent efficiency of installed renewable power capacity was influenced by both scale economies and input congestion.
These findings suggest that in designing market regulation and incentives mechanisms, policy-makers should take into account not only efficiency, but also congestion and scale economies issues in order to identify the optimal mix of renewable sources.
This study considered only the country energy generation capacities from renewable sources as inputs and the amount of electricity generated from these latter as output of the electricity production model. Consequently, it has not provided a comprehensive picture of the generation of electricity in the countries of the sample. Future research might include further variables in the efficiency model, such as the electricity generation capacity from fossil fuels, the total generation of electricity in the country, the amount of CO 2 emissions. Additionally, a two step DEA analysis might be purposefully performed to correct efficiency and congestion measurements by taking into account the influence of external variables, i.e. national GDP, country size and economic structure, etc. [18] . 
